The infusion of a number of amino acids into a peripheral vein or renal artery increases the rate of urinary excretion of ammonia in acidotic dogs (1) (2) (3) . According to Lotspeich (4) , amino acids fall into three groups: those that greatly augment the excretion of ammonia, such as glutamine, asparagine, alanine, and histidine; those that moderately augment the excretion of ammonia, such as glycine, leucine, aspartic acid, and methionine; and those that do not appreciably affect the excretion of ammonia, such as glutamic acid, lysine, and arginine. The inference that those amino acids that increase the excretion of ammonia when infused intravenously are the immediate precursors of urinary ammonia under normal conditions is not necessarily correct, for blood ammonia increases sharply when amino acids are infused at the high rates employed in many of these studies (5) . Thus a part of the increased urinary ammonia might be derived from preformed ammonia produced elsewhere and delivered to the kidneys in the arterial blood. Furthermore the renal tubular precursor of ammonia, which is utilized in increased quantity, might not be solely the amino acid infused but, in part, another formed at some extrarenal site by transamination. A further possible complication is a reduction in the utilization of the nitrogen of one precursor, e.g., glutamine, when the plasma concentration of another precursor, e.g., glycine or alanine, is increased. It is known that certain amino acids compete in renal * Submitted for publication July 15, 1965; accepted October 4, 1965. Aided by grants from the National Heart Institute and the Life Insurance Medical Research Fund. tubular reabsorptive transport (6, 7) . They might also compete as precursors of ammonia.
Recent experiments with l5N-labeled amino acids (8) have demonstrated that 35 to 50%o of the urinary ammonia is normally derived from the amide nitrogen and 16 to 25% from the amino nitrogen of plasma glutamine. Much smaller proportions are derived from plasma glycine and glutamic acid, namely 3 to 4%o and 1 to 2%o, respectively. The experiments reported in this paper demonstrate the following facts: When the plasma concentration of glutamine is increased over a fourfold range, both amide and amino nitrogens are utilized in increasing amounts as precursors of ammonia. Glycine nitrogen is similarly the source of much of the extra ammonia excreted when the plasma concentration of glycine is modestly increased. Moderate elevation of plasma glycine or alanine does not reduce the utilization of the amino or amide nitrogens of glutamine as sources of urinary ammonia. Rather, small increases in utilization occur that are probably related to the increase in plasma concentration of glutamine that accompanies the infusion of alanine and, less consistently, the infusion of glycine.
Methods
The 16 experiments that constitute the basis of this paper were performed on mongrel dogs of either sex lightly anesthetized with intravenous pentobarbital. Acidosis was induced by the feeding of 10 g of ammonium chloride mixed with food each day for 3 days before the experiment. The ureters were catheterized through a low midline abdominal incision, and the tips of the catheters were advanced to the estimated level of the renal pelvis. A curved no. 25 needle was introduced into one renal artery, usually the left, exposed retroperitoneally through a flank incision. A 15N-labeled amino acid dissolved in saline containing a small amount of heparin was infused into the renal artery at a constant rate of 5 to 10 ,umoles per minute for 15 minutes before the start of the first collection period and throughout the entire experiment. Creatinine for measurement of glomerular filtration rate, p-aminohippurate for measurement of renal plasma flow, and an unlabeled amino acid, as noted in each experimental protocol, were incorporated into an intravenous infusion administered at a rate of 5 ml per minute. The infusion was made twothirds isotonic by addition of sodium sulfate to ensure the excretion of acid urine. All urine pH's were within a range of 4.8 to 5.8. Since, in the course of any one experiment, pH did not vary significantly, values are not reported. Chemical methods, including the preparation of 'Nlabeled amino acids and the analysis of the isotopic content of urinary ammonia, are given in detail in a preceding publication (8) .
Results
The basic plan of the experiments reported in this paper is illustrated by the one summarized in Table I . Fifteen minutes before the first collection period, an intra-arterial infusion of amino-15N-labeled glutamine (92 atoms %) was begun and continued at a constant rate of 6.44 umoles per minute throughout the experiment. Urine collection periods were 5 minutes in length; the first three constituted control observations. Immediately after the third collection period, unlabeled glutamine was incorporated in the intravenous infusion and administered at a rate of 100 tumoles per minute. A priming dose of glutamine was also given. After 15 minutes, to permit the plasma glutamine concentration to stabilize, three more urine samples were collected. Again, the infusion was changed, and unlabeled glutamine was given as a prime and infused at a rate of 300 Ftmoles per minute.
Arterial blood samples were drawn at the midpoints of periods 1, 3, 4, 6, 7, and 9. Plasma concentrations of creatinine, p-aminohippurate, and glutamine were measured and values interpolated at the midpoints of periods 2, 5, and 8. The clearance of p-aminohippurate, corrected for an average extraction of 85%, was accepted as a measure of renal plasma flow (8) . The 15N content of the ammonia excreted by the left infused kidney was of course greater than it was in that excreted by the right control kidney. The latter represents the contribution of the 15N of those compounds made equally available to both kidneys as a consequence of recirculation, not only the 15N of the originally administered glutamine, but also the '5N of precursors in any form. The difference between the atoms per cent excess 15N in the ammonia excreted by the left and right kid-neys is therefore an expression of the specific activity 1 of the urinary ammonia, due solely to the infusion of labeled glutamine into the left renal artery. The specific activity of the plasma glutamine delivered to the left kidney as a consequence of the infusion of labeled compound was calculated as the quotient of the amino-15N excess (micromoles per minute) infused into the left renal artery and the total glutamine load to the left kidney (micromoles per minute). The total glutamine load to the left kidney is the sum of the infused load and the perfused load; the latter is the product of the renal plasma flow and the arterial plasma glutamine concentration. The plasma specific activity, like the urine specific activity, is thus indepetdent of recirculated 15N in any form (8) . Dividing the specific activity of the urinary ammonia (left minus right) by the specific activity of the plasma glutamine delivered to the left kidney and multiplying by 100 yields the per cent of the urinary ammonia derived from the amino-N of circulating 1 The term specific activity is properly used only in dealing with radioactive isotopes. However, because it is well understood, we elect to use it in dealing with the stable isotope, 'N, in lieu of "degree of enrichment," which might lead to some confusion. plasma glutamine. A detailed description of the calculations and the underlying assumptions is given in a preceding paper (8) .
It is evident from the data of Table I that in the three control periods, at a low normal plasma glutamine concentration, an average of 16.7% of the urinary ammonia was derived from the amino-N of circulating plasma glutamine, a value within the range observed by Pitts, Pilkington, and De Haas (8) . The intravenous infusion of unlabeled glutamine to double and then to quadruple plasma concentration 2 of glutamine gives the observed rate at which the amino nitrogen of this precursor is incorporated into urinary ammonia. The ammonia so derived increased from 5.47 to 8.02 and then to 12.5 tmoles per minute with increasing plasma glutamine concentration. The difference between the total rate of excretion of ammonia and the rate of excretion of that derived from the amino nitrogen of glutamine gives the rate of excretion of the ammonia that originates from all other precursors. It is apparent from Table I that the rate of excretion of ammonia derived from all other precursors increased about twice as much relative to control as did the rate of excretion of ammonia derived from the amino-N of glutamine. Obviously, the rate of excretion of ammonia derived from all other precursors includes as the major contribution that from the amide-N of glutamine. Our findings, therefore, are consonant with the thesis of Pitts and co-workers (8) that, over the normal range -of plasma concentration, approximately twice as much of the urinary ammonia is derived from the amide-N as from the amino-N of plasma glutamine. Figures 1 to 3 summarize the results of eight experiments performed in a manner similar to the one presented in Table I . Note that the vertical scale of Figure 2 is half that of Figures 1 and 3 . In these experiments, the contributions of the amino and the amide nitrogens of glutamine and the amino nitrogen of glycine to urinary ammonia were studied over limited ranges of plasma concentration of glutamine and glycine, respectively. It is evident from these Figures that the absolute derivation of ammonia in micromoles per minute from each of these sources increased with increasing plasma concentration. However, the changes in the per cent of contribution of each of the three precursors to ammonia excretion differed considerably. The per cent contribution of glycine to total ammonia excretion increased markedly, that of the amino-N of glutamine increased moderately, and that of the amide-N of glutamine exhibited no consistent change. These Plasma Glutamine (gmoles/ml) probably more arithmetical than functional in origin. The per cent of the ammonia derived from glycine-N in the control periods (3 points to the left of each series) was low, between 2.5 and 6%o.
The per cent derived from the amino-N of glutamine was intermediate (10 to 18%o) , and the per cent derived from the amide-N of glutamine was high (36 to 54%o). A given absolute increase in ammonia output derived from each of the amino acids infused therefore would result in a marked increase in percentage when glycine-N was the source studied, a modest increase when the amino-N of glutamine was the source studied, and a small increase when the amide-N of glutamine was the source studied. A small increase in percentage of utilization of the amide-N of glutamine probably occurred, but it was obscured by uncontrolled variables in the experiments summarized in Figure 2 . Table II summarizes four experiments in which the effects of increasing the plasma concentration of glycine or alanine on the utilization of the amide or amino nitrogens of glutamine as sources of urinary ammonia were assessed. Similar results were obtained in four other experiments. Periods 1 to 3 of each experiment constitute control observations made before the infusion of either glycine or alanine. During periods 4 to 6, one or the other of these amino acids, as noted, was infused at a rate of 100 umoles per minute. During periods 7 to 9, the rate of infusion was increased to 300 /moles per minute. In these experiments the percentages of the urinary ammonia derived from the amide-N of glutamine fell' within the range defined by Pitts and associates (8) , namely 35 to 50%. Similarly, the percentages of the urinary ammonia derived from the amino-N of glutamine fell within the defined range of 15 to 25%. in which alanine was infused, the plasma concentration of glutamine increased significantly, a fact that adequately explains the increased utilization of its amino and amide nitrogens. However, no increase in plasma concentration of glutamine occurred in experiment three, in which glycine was infused, and in which utilization of the amino-N of glutamine also increased. Whether the increased utilization of the amino and amide nitrogens of glutamine after the infusion of glycine is significant and causally related to an increase in plasma glutamine concentration is, therefore, uncertain. Because the increases are small, a large number of experiments would be required to establish their reality, if indeed they are real.
Discussion
The data presented in this paper demonstrate that a modest increase in plasma concentration of glutamine results in increased utilization of both its amide and amino nitrogens as sources of urinary ammonia in acidotic dogs. According to Shalhoub and co-workers (9) the mean arterial plasma concentration of glutamine in acidotic dogs is 0.450 + 0.093 (SD) Mmole per ml, with upper and lower limits of 0.633 and 0.258 umole per ml, respectively. Such variations in plasma concentration would therefore be expected to be accompanied by variations in the amounts of amino and amide nitrogen utilized for ammonia production.
Whether the plasma concentration of glutamine is increased in acidosis in comparison with the normal is controversial (10, 11) . In any event the increase is small and could not explain the large differences in renal ammonia production in these two conditions. Rather the much greater extraction of glutamine by the kidneys in acidosis than in normal acid-base balance (9, 10, 12, 13) must be more significantly related to the increased ammonia production. Since the arterial plasma concentration of glutamine is not greatly different in acidosis and in normal acid-base balance, it is evident that the rate of corporeal production of glutamine must increase in acidosis to balance increased renal utilization.
According to Shalhoub and co-workers (9), the plasma concentration of glycine in acidotic dogs averages 0.169 + 0.046 (SD) Mmole per ml with upper and lower limits of 0.272 and 0.080 umole per ml. Again, over such a range one would predict small changes in utilization of glycine-N in the production of urinary ammonia (cf. Figure 3) . Although a generalization based on studies of two amino acids is far from firmly established, we assume that a major fraction of the increased urinary ammonia, excreted in consequence of a modest increase in the plasma concentration of any one amino acid, is derived within the kidney from that amino acid. This view is certainly not true if plasma concentration is so markedly elevated as to lead to an increase in arterial ammonia concentration (5). Furthermore, even when plasma concentration is only moderately elevated, it probably is not true that all of the extra ammonia excreted is derived intrarenally from the amino acid infused. This follows from the observation that the infusion of alanine increased the plasma concentration of glutamine and resulted in the utilization of additional amide and amino nitrogen of this source material for production of urinary ammonia. The same was true in one experiment in which glycine was infused.
Increased utilization of glycine and alanine nitrogen for ammonia production did not reduce the utilization of either the amide or amino nitrogens of glutamine. We had anticipated some competitive interaction of alanine and the amino-N of glutamine in line with the view that most amino acids other than glycine contribute to ammonia production by transamination of a-ketoglutarate to form glutamate and by subsequent oxidative desamination of glutamate to liberate ammonia (2) . Failure of increased utilization of alanine to suppress the utilization of the amino nitrogen of glutamine does not negate this view. It probably only means that substrate availability (uptake of amino acid by cells) rather than enzyme saturation limits ammonia production within the range of plasma concentrations employed in our studies.
Summary
The intravenous infusion of glycine to increase plasma concentration over a range of 0.15 to 1.0 ,Fmmple per ml is accompanied by an increase in rate of urinary excretion of ammonia. This extra ammonia is essentially a linear function of plasma glycine concentration and in major part is derived intrarenally from glycine. The intravenous infu-sion of glutamine to increase plasma concentration over a range of 0.3 to 1.4 pmoles per ml is similarly accompanied by an increase in ammonia excretion, which is more or less linearly related to plasma glutamine concentration. This extra ammonia is also largely derived from the amide and amino nitrogens of glutamine. Within this range of plasma concentration, approximately twice as much ammonia is derived from the amide as from the amino nitrogen of glutamine. Modest elevation of the plasma concentration of either glycine or alanine does not reduce the utilization of either the amide or the amino nitrogens of glutamine as precursors of urinary ammonia. Rather, the amide and amino nitrogens are utilized in slightly greater amounts, which may or may not be quantitatively significant. Elevation of plasma alanine increased plasma glutamine concentration to a small but significant degree, a fact that may be responsible for the observed increase in utilization of the amide and amino nitrogens of glutamine for production of urinary ammonia.
